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論 文 内 容 要 旨         E 
A new method of hydrogen production from biomass via a sulfur redox cycle at 
moderate temperatures has been proposed in this study. This method, which can utilize 
excess sulfur from hydrocarbon refining processes and waste or geothermal heat, consists of 
two half cycles: (1) hydrogen production from an aqueous alkaline solution at subcritical 
conditions of water, where sulfide, HS− and S2−, acts as a reducing agent of water, and (2) 
sulfide regeneration under much milder conditions, with an organic compound which can be 
derived from biomass waste acting as a reducing agent of the sulfur products that is formed 
in the first half cycle. Illustration of the new method is as shown in Fig. 1. During a 60-min 
reaction of an aqueous sodium sulfide solution in a Hastelloy C-22 reactor, hydrogen 
production was observed at ≥280 °C and corresponding saturated vapor pressures. For the 
sulfide regeneration, glucose was chosen as the reducing agent since it is one of the most 
common organic reducing agent, and can be derived from various biomass wastes. Also, 
glucose starts to decompose at near 90 °C, which infer that utilization of glucose for 
reaction under mild temperature is appropriate. Addition of D-glucose, C6H12O6, to the 
solution after hydrogen production at 300 °C resulted in sulfide regeneration at 
temperatures ≥60 °C in the 10-min reaction. Moreover, hydrogen production from glucose 
via the sulfur redox cycle was demonstrated, where the hydrogen production and sulfide 
regeneration were conducted at 300 °C and 105 °C, respectively. These results verify 
feasibility of the sulfur redox cycle.  
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Fig. 1. Hydrogen production from biomass via the sulfur redox cycle. 
 
 Effects of pH and temperature on the hydrogen production half-cycle were then 
examined. A significant amount of hydrogen was produced at temperatures ≥280 °C and 
corresponding saturated vapor pressures at pH 9-13 in a 60 minutes reaction. Hydrogen 
production increased with both pH and temperature, however the effect was more 
pronounced with temperature due to the more rapid increase of reaction rate. The molar 
ratio of hydrogen production to sulfide consumption (H2/S2-) was 0.6-3.4, where higher 
H2/S2- value, which implies higher hydrogen production per mol of sulfide, was obtained 
from reaction at higher pH and/or temperature. Higher amount and/or oxidation state of 
sulfur produced with increasing pH and temperature, which explains the increasing 
hydrogen production. It was suggested that hydrogen is produced from water reduction by 
sulfide, accompanied by formation of polysulfide, Sn2−, and/or sulfur oxyanion, SxOy2−. Also, 
it was indicated that a shift in the predominant reaction mechanism of hydrogen 
production from polysulfide formation to sulfur oxyanion formation occurred with 
increasing pH and/or temperature.  
The production of hydrogen and various sulfur products during the hydrothermal 
reaction of sulfide were then observed more in detail. Based on results obtained from 
water-sulfur reactions at pH values from 9 to 13 and at temperatures between 280 and 
330 °C under saturated vapor pressures, model equations describing hydrogen production 
were devised. The dependence of the apparent sulfide consumption and H2/S2− molar ratio, 
both of which determine the quantity of hydrogen produced, on temperature and pH were 
determined by kinetic and statistical analysis. A mathematical model which may be used to 
estimate hydrogen production based on incorporating starting conditions such as the initial 
sulfide concentration, pH and temperature, has been devised. Possible mechanism of 
hydrogen production from the hydrothermal reaction of sulfide was then proposed. The 
overall hydrogen production reaction can be considered as being composed of one or more 
elementary reactions depending on the reaction condition, with the formation of various 
species of sulfur products, such as polysulfide and sulfur oxyanions. Analysis of the sulfur 
products showed that, at temperatures between 280−330 °C and pH value between 9−13, 
hydrogen production was suggested to be accompanied by the formation of pentasulfide, 
S52−, thiosulfate, S2O32−, trithionate, S3O62−, and sulfate, SO42−, as sulfur products. The 
production rate of these compounds was found to be affected by temperature, while the 
effect of pH was rather insignificant. Results also indicated that increasing pH and/or 
temperature resulted in the formation of sulfur products with higher oxidation numbers. It 
was then suggested that the optimal process for hydrogen production via the sulfur redox 
cycle, taking into consideration the necessity of sulfide regeneration, is the process which 
results in trithionate as the sole sulfur product. 
After feasibility of the hydrogen production via sulfur redox cycle, which consists 
of hydrogen production half-cycle and sulfide regeneration half-cycle is confirmed, and 
possible mechanisms and sulfur products for each observed reaction condition of the 
hydrogen production half-cycle reaction is determined, a process design needs is devised to 
develop a complete system of the sulfur redox cycle and evaluate its performance. In 
development of the sulfur redox process design, optimum condition for each half-cycle 
reaction should be firstly determined. Based on the H2/S2− molar ratio, the species of sulfur 
product in consideration of sulfide regeneration process, and the production rate, an 
optimum condition for the hydrogen production half-cycle reaction is suggested to be at 
330 °C and pH 11, with trithionate as the sulfur product. For the sulfide regeneration 
half-cycle reaction, the optimum condition is at near 100 °C with addition of glucose, in 
which it has been shown that under this condition; almost complete sulfide regeneration 
can be achieved. Material flow and process design flowsheet of the sulfur redox cycle was 
developed based on the proposed optimum mechanisms for each half-cycle reaction.  
Based on the consideration of material and energy resources for the process, 
effectiveness and efficiency of this process is evaluated. Effectiveness of a process is mainly 
related with how resources required for the system are obtained and applied. Meanwhile 
efficiency of a process refers to the amount of resources required to produce a given level of 
output). Required materials for the process can be obtained from recovered waste (e.g. 
sulfur waste from oil refinery, biomass waste) and naturally available substances (e.g. 
natural H2S gas in geothermal field). Results also indicated that hydrogen production from 
glucose via the sulfur redox cycle (2.7 mol H2/mol glucose) was greater than that by 
hydrothermal gasification of glucose at much higher temperatures up to 500 °C and also 
with addition of catalyst (1.6 mol H2/mol glucose). Energy requirement for each process in 
the sulfur redox cycle also has been calculated based the enthalpy change, showing that the 
process is stoichiometrically exothermic in overall. Energy is then only required for solution 
heating, and the minimum energy requirement (16.2 kJ/mol H2) is very much lower 
compared to the energy production from the process (286 kJ/mol H2). Additionally, the 
energy required for heating may be acquired from geothermal or industrial waste heat.  
In overall, the sulfur redox cycle method proposed in this thesis represents an 
effective and efficient hydrogen production system, which offers an effective solution to 
fulfill the increasing demand of hydrogen, by the application of environmentally benign 
energy sources and naturally available compounds. However this thesis has been mainly 
focused on the hydrogen production half-cycle reaction. The sulfide regeneration half-cycle 
needs to be studied more intensively for a profound understanding of the overall method. 
Treatment for the organic byproduct(s) also needs to be considered to ensure the safety of 
this process for the environment. Also, the developed process design of this hydrogen 
production system is still in the early stage. To encourage development of this method in a 
larger scale, a more comprehensive process design needs to be considered in the future 
work.  
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論文審査結果の要旨 
 
環境エネルギー問題の重要な課題として，水素エネルギーの利用拡大が挙げられているが，現在の水素の製造は，
化石燃料の分解によるものが主流であるため，製造に要するエネルギーが生成するエネルギーよりも高く，水素製
造の抜本的解決無しには，水素を次世代のエネルギー源とする意義は少ない．近年，この問題を解決する技術とし
て，硫黄化学種の水熱環境下での反応を用いて，水素を製造する方法が提案されているが，詳細な反応メカニズム
は不明であり，また，持続的なシステムとして機能させるためには，新たなプロセスの付与が不可欠であった．本
研究は，水熱環境下での硫黄サイクルを用いて持続的な水素製造のプロセスと反応メカニズムを明らかしたもので
全編６章よりなる． 
 第1章は緒論であり，従来の水素製造の問題点を挙げて，本研究の目的を明確に述べている． 
 第2章は，硫黄の水熱環境で酸化反応を生じさせて，水素を製造する水熱反応プロセスの反応条件を明らかにし，
280℃以上，pH9以上の条件で，硫黄の酸化反応から水素を得ることに成功し，その際の化学反応式を，硫黄化学種
の同定と水素生産量と硫黄消費量の推移から推定している．化石燃料の熱分解やその他の水素製造は500℃以上の高
温環境で行われているが，本研究により，300℃程度の比較的マイルドな温度環境でも水素製造が充分行われること
を示している．さらに，水素を生成した後の残液にグルコースを加えて，水熱反応を行うことにより，硫黄化学種
を還元し，水素製造が可能な還元硫黄化学種に再生することに成功している．この反応条件は100℃以下であり，硫
黄酸化による水素製造と硫黄の還元反応が，従来法に比べてきわめてマイルドな環境で行えることを示している．
これは本研究を代表する優れた成果である． 
 第 3章は，硫黄の酸化反応による水素製造の反応条件を探索し，温度が低い条件（<300℃）では，硫化物が生成
する反応を主体とするが，pHが高く（>pH11），温度が高い条件では（>300℃）では，さまざまなチオ硫酸イオン
の生成が主となり，さらに温度が高い330℃では，硫酸イオンが主たる硫黄酸化物となることを明らかにしている．
硫酸イオンの生成は，その後の硫黄還元反応の大きな障害となることから，硫酸イオンが生成しない条件の割り出
しに成功している．これは持続的システムの構築のための基礎として重要である． 
 第 4 章は，反応の速度論的解析を行い，硫黄の酸化反応による水素の生成の総括反応は１次反応として進行する
ことを示すとともに，各反応条件における主たる反応の速度定数や活性化エネルギーを明らかにしている．これに
より，硫黄サイクルによる水素製造のプロセス設計が可能となる重要な成果が得られている． 
 第 5 章は，硫黄の酸化反応による水素の生成と，グルコースを加えて再び硫黄の還元化学種を得る持続的システ
ムのエネルギー収支について検討を加え，この反応条件が従来法に比べてマイルドなことから，エネルギー収支と
して優位であり，工場廃熱や地熱などの300℃程度の熱源で水素製造の持続的システムが機能することを明らかにし
ている．環境共生型のプロセス設計の基礎として有用な知見を得ている． 
 第6章は，結論である． 
 
 以上要するに，本論文は，水熱環境下での硫黄の酸化還元反応を用いて，マイルドな条件での水素生成の反応メ
カニズムを明らかにし，さらに，有機物質を加えて硫黄化学種の還元を行い，水素製造を持続的に行える反応プロ
セスを明確に示すことに成功したもので，環境エネルギー工学ならびに環境科学の発展に資するところが少なくな
い． 
 
よって，本論文は博士（学術）の学位論文として合格と認める． 
 
 
